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During ischaemia, the most vulnerable regions of the brain are the subiculum-CAl region of the hippocampus, some layers of the cerebral cortex and the Purkinje cell layer of the cerebellum [1] . In these regions, a few minutes of cerebral ischaemia selectively induces neuronal cell loss several days after the ischaemic insult [2, 3] . In order to evaluate the outcome of cerebral ischaemia histopathologically, it is necessary to wait for several days after the ischaemic insult because the evolution of irreversible ischaemic injuries is preceded usually by a long interval during which morphological changes are subtle or absent [4] .
In contrast, one phenomenon which occurs during the early phase of cerebral ischaemia is immunological collapse of cytoskeletal proteins [5, 6] . Among these, microtubule-associated protein 2 (MtP2), which is localized typically in dendrites and neuronal cell bodies [7, 8] , has been shown immunohistochemically to be extremely vulnerable to ischaemic injury [5, 9] . Therefore, detection of MtP2 degradation immediately after cerebral ischaemia is an early and sensitive marker for cerebral ischaemic damage, as the post-synaptic sites, the dendrites and neuronal cell bodies, are the most susceptible to the ischaemic insult [10] .
The purpose of this study was to compare the effects of isoflurane and halothane on MtP2 degradation during 20 min of incomplete forebrain ischaemia in the rat.
METHODS
This study was performed in accordance with the ethical principles provided by the Experimental Animal Laboratory of Gunma University School of Medicine.
Thirty-five male Wistar rats (SLC, Hamamatsu, Japan), weights 270-350 g, were studied. The animals were allowed to eat and drink freely until the start of the investigation. Under equi-MAC (minimum alveolar concentration) isoflurane or halothane in oxygen anaesthesia, forebrain ischaemia was induced by occlusion of the bilateral common carotid artery (CCA), combined with a reduction in mean arterial pressure (MAP) to 50 mm Hg by bleeding [11] . After induction of anaesthesia, both CCA were exposed and ligatures placed around them, carefully avoiding the vagus nerves and cervical sympathetic plexi. Tracheotomy was performed and, after administration of pancuronium 0.1 mg i.p., the lungs were ventilated using a small animal ventilator (Model SN-480-7; Shinano Manufacturing Company) which delivered a gas mixture of 66 % nitrogen in oxygen and 1.0 MAC isoflurane or halothane (approximately 1.4% and 1.1 %, respectively, in rats [12] 601G; Nihon Koden). The femoral vein was cannulated with a polyethylene catheter (PE-50) to administer heparin 50 iu and to withdraw or re-infuse blood to maintain MAP at 50 mm Hg. Lactated Ringer's solution was infused continuously with a syringe pump (Model STC-521; Terumo) at a rate of 5 ml kg" 1 h" 1 . The animals were allowed to attain a steady state during a period of about 30 min. Rectal temperature was maintained at 37 °C using an animal temperature controller (CMA/150; CMA). The output of the vaporizer was confirmed using an inhalation anaesthetic gas monitor (Capnomac Ultima; Datex).
Forebrain ischaemia was induced by a combination of bilateral tightening of the ligature and simultaneous reduction in MAP to 50 mm Hg by withdrawal of blood from a femoral vein. To verify if forebrain ischaemia had occurred, the extracranial electroencephalogram (EEG) of the frontoparietal region was recorded using an EEG monitor (Neuropack-II; Nihon Koden).
The animals were allocated to a control group (five rats) and three ischaemic groups (six subgroups of five rats each). In the control group, no ischaemic insult was given. In the occlusion group, bilateral CCA occlusion was performed without decreasing MAP, during either isoflurane or halothane anaesthesia. In the hypotension group, MAP was decreased to 50 mm Hg without CCA occlusion (haemorrhagic hypotension), during either isoflurane or halothane anaesthesia. In the combined group, bilateral CCA occlusion was combined with decreased MAP to 50 mm Hg, during either isoflurane or halothane anaesthesia. In each group except the control, the duration of ischaemic time was 20 min. The start of the ischaemic period was defined as the time that the ligature around the bilateral CCA was tightened in the occlusion group and the time that MAP first reached 50 mm Hg in the hypotension group and combined group. In order to measure physiological variables, a small amount of arterial blood was obtained both just before and 15 min after the initiation of the ischaemic insult.
After 20 min of ischaemia, decapitation was performed and the frontoparietal cortex, brainstem, hippocampus and cerebellum removed immediately and homogenized separately in buffer containing sucrose 0.32 mol litre" 1 , Tris (tris (hydroxymethyl) aminomethane) HC1 10 mmol litre" 1 (pH 7.0), leupeptin 100 umol litre" 1 and EGTA (ethyleneglycol bis (2-aminoethyl-ether) tetra-acetic acid) 1 mmol litre" 1 , using a motor-driven glass homogenizer with a Teflon pestle [6] . Homogenates were stored at -80 °C until required for analysis. Protein concentrations were measured as described previously [13] . The amount of MtP2 in each region for each group was measured as the ratio to that of the control rat brain using an enzyme-linked immunosorbent assay (ELISA) [14] [15] [16] : solutions were prepared from each of the stored homogenates by dilution with phosphate-buffered saline (PBS), addition of one drop of surfactant (Triton X-100) and storage at 4 °C overnight. A 100-ul aliquot of each sample was transferred to a 96-well microplate (high-binding type, Costar), one drop of trichloroacetate was added and the microplate stored at 4 °C overnight. Subsequently, after centrifugation of the microplate at 500 g for 20 min, the sample solutions were washed with ethanol and PBS and 100 ul of the primary antibody (mouse anti-MtP2 monoclonal antibody: immunized against rat brain microtubule-associated protein, Chemicon; diluted 1000 times with PBS) was added to each well and the microplate incubated for about 1 h at 37 °C in a humid chamber. After Compared with non-ischaemic states (just before initiation of the ischaemic insult), electrical activity in the occlusion and hypotension groups is well preserved, whereas the combined groups show complete electrical silence during both isoflurane and halothane anaesthesia. washing with PBS, the secondary antibody (horseradish peroxidase-conjugated anti-mouse IgG; diluted 2000 times with PBS) was reacted with the primary antibody for about 1 h at 37 °C. After washing, 250 ul of the enzyme substrate (o-phenylenediamine dihydrochloride lmgml~1 + 0.5% hydrogen peroxide) was added and reacted with the secondary antibody for about 15 min at 37 °C. The reaction was stopped by addition of 50 ul sulphuric acid 1 mol litre" 1 to each well. Finally, the optical density at 490 run was determined using a microtitre plate reader (Vmax kinetic microplate reader, Molecular Devices) [16] . The amount of MtP2 in each region of the six subgroups was compared with that of control rat brain extracted during pentobarbitone anaesthesia.
Statistical analysis
The results obtained from MtP2 degradation were expressed as a percentage of the control rat brain and represented as a mathematical mean (SD). Physiological variables were analysed using Student's t tests between isoflurane and halothane in each group. MtP2 degradation results were analysed using Student's t tests or Duncan's multiple comparison, as appropriate, after testing by analysis of variance (ANOVA) within the same region. P < 0.05 was considered significant. (table I) . There were no differences in body weight between the groups. There were also no significant differences in physiological variables between isoflurane and halothane before initiation of the ischaemic insult in all groups. However, at 15 min after the initiation of the ischaemic insult, blood glucose concentration with isoflurane anaesthesia in the combined group was significantly (P < 0.01) greater than that with halothane anaesthesia. There were no other significant differences in other variables between the isoflurane and halothane groups.
RESULTS

Physiological variables
Electroencephalogram ( fig. 1 ). With both isoflurane and halothane anaesthesia, the EEG in the combined group was nearly isoelectric, in contrast to that in the occlusion and hypotension groups, in which electrical activity was well preserved. These results confirmed the successful achievement of forebrain ischaemia, at least in the combined groups, with both anaesthetics [11] .
MtP2 degradation (table II)
Frontoparietal cortex. Isoflurane anaesthesia significantly (P < 0.05) protected MtP2 from degradation compared with halothane. MtP2 degradation was significantly greater in the combined group with both isoflurane and halothane (P < 0.001) compared with the occlusion and hypotension groups.
Brainstem. MtP2 degradation was significantly (P < 0.05) greater in the combined group compared with the occlusion group with isoflurane anaesthesia. However, there were no significant differences in MtP2 degradation between isoflurane and halothane in all groups.
Hippocampus. Results were similar to those of the frontoparietal cortex. MtP2 was significantly (P < 0.01) less degraded with isoflurane anaesthesia than with halothane in the combined group, and was significantly more degraded compared with the occlusion and hypotension groups with both anaesthetics (P < 0.001).
Cerebellum. MtP2 degradation was not found, even in the combined groups, and there was no significant difference between isoflurane and halothane.
DISCUSSION
It has been shown that, in rats, bilateral CCA occlusion combined with a reduction in MAP to 50 mm Hg reduces cerebral blood flow (CBF) to near-zero values in all cerebral cortical areas and in the hippocampus, with a less marked reduction in many subcortical structures and with a comparatively increased flow in the cerebellum [17] . This interstructural variation may reflect a variable blood supply by the intact vertebral arterial system and collaterals [17] . Judging from the EEG ( fig. 1 ), in the combined groups, at least in the forebrain, CBF was reduced sufficiently to cause the breakdown of cytoskeletal proteins; in the occlusion and hypotension groups, however, it seems to be insufficient to cause breakdown. In this respect, bilateral occlusion of CCA alone has been shown to decrease regional CBF in the forebrain to 50-60% of the normal value (almost the same as the decrease produced by hyperventilation), but results in no notable changes in the energy state of the whole brain tissue [18] .
It is not clear how much of a decrease in CBF and how long a duration of brain ischaemia causes collapse of cytoskeletal proteins. However, degradation of MtP2, which is one of the cytoskeletal proteins most vulnerable to ischaemic injuries [9] , has been shown to be a sensitive marker for the cerebral ischaemic damage. As described previously [5] , MtP2 in the subiculum-CAl region exhibits loss of immunohistochemical reaction after a few minutes of forebrain ischaemia; in contrast, conventional haematoxylin-eosin staining has shown little ischaemic change in gerbils.
Hyperglycaemia is generally accepted as resulting in an increased volume of cerebral infarction because of a decrease in regional CBF around the core of infarction [19, 20] . However, it is not known if hyperglycaemia accelerates collapse of cytoskeletal proteins during cerebral ischaemia. In this study, during isoflurane anaesthesia, MtP2 in the combined group was significantly less degraded in spite of hyperglycaemia (tables I, II).
The histopathological consequences may be influenced by variations in brain temperature, and measurement of the rectal temperature does not accurately reflect brain temperature during the ischaemic period [21] . However, this is unlikely to have been of significance, as there were no differences in rectal tempeature between the isoflurane-and halothane-anaesthetized groups.
It is not known if degradation of cytoskeletal proteins is reversible after re-establishment of the cerebral circulation, or if it extends further during the post-ischaemic period. In addition, it is unclear if cytoskeletal protein breakdown is related to neuronal cell death and if it correlates directly with routine histopathology. Standard histopathology [22] and 2,3,5-triphenyltetrazolium chloride staining [23] have shown isoflurane to have no protective effects compared with halothane.
Isoflurane may be preferable to halothane for patients who are likely to undergo cerebral ischaemia. With isoflurane anaesthesia, the critical CBF which caused EEG ischaemic changes during carotid endarterectomy was significantly less than that with enflurane or halothane anaesthesia, and the incidence of EEG ischaemic changes was significantly less during isoflurane anaesthesia than during either enflurane or halothane anaesthesia [24, 25] . It has been suggested that, if the protective effect of isoflurane depends only on its ability to reduce the cerebral metabolic rate for oxygen (CMRo 2 ) [26] , it would not have a protective effect with severe cerebral ischaemia causing electrical silence on the EEG and impairing ion gradients and biosynthesis [27] . In our study, the MtP2 of the frontoparietal cortex and hippocampus in the combined group was less degraded with isoflurane anaesthesia (table II) and is probably independent of its depressive action on CMROj.
Studies of the mechanism of the collapse of cytoskeletal proteins during cerebral ischaemia have demonstrated that the intracellular Ca 2+ concentration gradually increases with the passage of ischaemia [28] [29] [30] . Increased intracellular Ca !+ concentration affects intracellular homeostasis, including activation of protein kinases, phospholipases and proteases [31] . Activation of proteases leads to degradation of cytoskeletal proteins and MtP2 has been shown to be a good substrate for calciumactivated neutral protease (calpain) [32] [33] [34] . The extracellular concentration of the excitatory amino acid glutamate, which also activates calpain, is increased during the early phase of cerebral ischaemia [35, 36] . Calpain is localized usually in the cytosol as a proenzyme, but when the intracellular Ca t+ concentration is increased, it migrates and binds to the inner side of cell membranes, and is converted to the active form by autolysis [33, 34, 37] . Autolysis occurs at the cell membrane in the presence of membrane lipids, and the active form of calpain remains near the cell membrane and hydrolyses many of the membrane proteins and cytoskeletal proteins [37] . Therefore, in view of the suggested mechanisms of general anaesthesia and the interaction of inhalation anaesthetics with neuronal cell membrane lipids [38] , there is a strong possibility that volatile anaesthetics, in some degree, participate in the process of calpain activation, especially in the conversion of the proenzyme to the active form. It seems likely that the mechanism causing the difference in effects on MtP2 degradation between isoflurane and halothane immediately after cerebral ischaemia may depend on the difference in action on the activation mechanism of calpain at the neuronal cell membrane.
